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Abstract 
Drosophila melanogaster can mimic qualities of honeybee altruism mediated by queen 
mandibular pheromone (QMP), a honeybee pheromone, which includes suppression of 
oogenesis and chemotactic attraction of males to sources of QMP. In this study, I assessed 
chemotaxis to the components of synthetic QMP (sQMP): the phenols; methyl-p-
hydroxybenzoate (HOB) and 4-hydroxy-3-methoxyphenylethanol (HVA), and decenoic 
acids; 9-hydroxy-decenoic acid (9-HDA) and 9-oxo-decenoic acid (9-ODA). I found that the 
chemotactic response to these components is sexually dimorphic and they have complex 
interactions with one another. I conducted a screen to inhibit olfactory receptor neurons 
(ORN) using tetanus toxin (TeTx) and OrGAL4 drivers. Of the fifty-four ORs and eight 
ionotropic receptors (IRs) screened, I identified fourteen candidate receptors required for the 
chemotactic behavior. By inhibiting transmission of Or47b or Or94b neurons, I found that 
phenols have a role in anti-ovarian response to sQMP. These discoveries help advance our 
knowledge of honeybee QMP detection in Drosophila.  
Keywords: Drosophila melanogaster, Apis mellifera, queen mandibular pheromone 
(QMP), chemotaxis, olfaction, tetanus toxin, anti-ovarian response. 
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Summary for Lay Audience 
Honeybee colonies have two female castes: the workers and the queen bee. The queen is 
fertile whereas workers are not. The workers groom and feed the queen as well as maintain 
her progeny and the colony. The social structure of the hive with distinct female castes is 
maintained by the queen mandibular pheromone (QMP), which is secreted exclusively from 
the mandibular glands of the queen. QMP inhibits development of ovaries in worker bees; 
such that only the queen is capable of reproduction. QMP also induces a retinue response in 
workers, which is a licking and grooming behavior geared towards the queen. In addition, 
presence of QMP attracts the males (drones) to the queen. The major chemical components 
of QMP are two phenols methyl-hydroxybenzoate (HOB), hydroxy-methoxyphenylethanol 
(HVA) and two decenoic acids 9 oxo-decenoic acid (9-ODA) and 9-hydroxy-decenoic acid 
(9-HDA). The mechanism of QMP function is challenging to study in honeybees because we 
lack sophisticated genetic tools to study them. 
However, recent findings have shown that Drosophila, the common fruit fly also responds to 
sQMP, in a similar manner as honeybees i.e., reduction in number of eggs in females and 
attraction of males to sQMP. This is a noteworthy response by itself, and can be exploited in 
the well-characterized genetic system of Drosophila. In this study, I investigate how a non-
eusocial insect like Drosophila “smell” sQMP and its components using a simple T-maze to 
assess attraction/repulsion of fruit flies. I found that responses to these components were 
different in males and females, and the constituent chemicals interacted with one another. 
Studies have shown that olfactory receptors (ORs), are responsible for receiving odors and 
consequently receive the odor of QMP + its components. I have identified fourteen olfactory 
receptors that are required for detecting the components of QMP. I also found that when 
certain olfactory receptors were inhibited, a role for the phenolic components of sQMP in 
suppression of oogenesis was discovered. These findings are important in expanding our 
knowledge of how QMP is received in Drosophila and also in honeybees due to the 
evolutionary conservation of the response to QMP. 
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1 Introduction  
1.1 Pheromones 
Pheromones are chemical cues that are released externally by all forms of life. The word 
“pheromone” was first coined by Karlson and Lüscher (Karlson and Lüscher 1959) to 
describe chemical cues secreted or excreted from one individual that trigger a response in 
another individual of the species. Pheromones induce a response in the organism of the 
same species in four different ways: they can evoke an immediate and specific behavioral 
response; release information about the organism that emits pheromones; have an impact 
on an organism’s temperament; and in the case of primer pheromones, have a slow and 
long-lasting impact (Verhaeghe et al., 2013; Wilson & Bossert 1963). Pheromones serve 
many roles; for example, insects secrete alarm pheromones and food trail pheromones. 
Pheromones induce a range of responses in the recipient, from changing behavior to 
changing physiology (Billeter & Wolfner 2018). For example, cis-vaccenyl acetate (cVA) 
is an important Drosophila sex pheromone produced by males and transferred to females 
to signify mating, this inhibits courtship from other males (Robertson et al. 2003) and 
also plays a role in a male aggression behavior (Wang & Anderson 2010). Some 
pheromones also serve as important signals for reproduction, especially ovarian status in 
social insects and mammals (Wyatt 2006). 
Reproductive pheromones are well-documented. An example of a pheromone effect in 
mammals is the ability of male rats to sense the estrous cycle of females such that they 
mate with females that are in the estrous phase of their cycle (Lydell & Doty 1972). 
Reproductive pheromones have also been observed and studied in insects, such as moths, 
where females attract males by secreting a blend of pheromones (Itagaki & Conner 
1988). In addition to attraction of potential mates, pheromones can also inhibit 
reproduction. Queen mandibular pheromone (QMP) produced by honeybee Apis 
mellifera queen suppresses female reproduction in the workers (Pankiw et al., 1996). 
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Specific members of a eusocial colony secrete pheromones that can selectively inhibit 
reproduction in other members of the colony (Keller & Nonacs 1993). 
1.1.1 Origin of eusociality 
Eusociality is a division of reproductive labor resulting in collaboration in the production 
and nurturing of offspring and a distinct division of labor. This organization separates the 
sole queen (the reproductive caste) from the caste that works towards providing favorable 
conditions for the brood i.e., the worker caste. Generally, a queen is the sole female 
member of a colony that reproduces, and non-reproductive workers distribute labor tasks 
among themselves for the benefit of the colony. The division of labor is an altruistic 
quality of workers that benefits the colony at the expense of their own reproduction 
(Wilson & Hölldobler, 2005). This reproductive division of labor in social insect species 
has likely evolved from species composed of solitary (pre-social) individuals (Toth & 
Robinson, 2007). In the insect order Hymenoptera to which ants, honeybees and wasps 
belong, there are many eusocial species that have two or more female castes, one 
reproductive and the others non-reproductive (Wilson & Hölldobler, 2005). This altruistic 
behavior of members of the eusocial insects has perplexed scientists since Darwin (1859) 
and hypotheses have been proposed for why altruism is selected for when there is a cost 
to an individual’s reproduction (Nowak et al., 2010). There are a number of hypotheses 
for the selective advantages of eusociality.  Group selection and kin selection (Wilson & 
Höldobbler 2005, Hamilton 1964) are two widely studied hypotheses to explain altruism. 
In group selection, altruism is defined as a selfless characteristic expressed by certain 
members of a group/colony of animals geared towards the benefit of a colony as a whole. 
It is a force of selection that is applied to a whole group of organisms and not each 
individual. Group selection theory further proposes that altruistic groups have a better 
fitness than solitary insects. These organisms gain an advantage by avoiding predators 
and physical endangerment (Hamilton 1971). Kin selection is an example of the inclusive 
fitness theory that proposes that evolution of altruism in a colony stems from each 
individual organism’s altruistic behavior that benefits the colony. These altruistic genes 
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are shared between kin, and altruism is propagated from generation to generation 
(Hamilton 1964). Kin selection explains reproductive differences between sterile workers 
and their fertile relatives. Pheromones in the order Hymenoptera play a key role in kin 
differentiation, eusociality and maintenance of the brood. 
1.1.2 Conservation of queen signal 
In honeybees, there are two major female castes: the queen and the workers. The queen is 
responsible for reproduction and workers are responsible for grooming the queen and 
maintaining the hive (Wilson & Hölldobler 2005). The major determinant of the two 
female castes in a honeybee colony is diet: larvae fed an exclusive diet of royal jelly, 
emerge as a queen; whereas, larva weaned off royal jelly and then fed a diet of pollen and 
nectar emerge as workers (Snodgrass 1910). Workers are sterile, physiologically much 
smaller and have a shorter life span than the queen. Not only are workers 
morphologically different from the queen, but their behavior and genetics are dissimilar 
as well (Chittka & Chittka, 2010). Another difference between the two castes is an 
epigenetic factor, the activity of DNA methyltransferase 3 (DNMT3). When fed royal 
jelly, DNMT3 is silenced in the larvae, and a queen emerges (Lyko et al., 2010). Worker 
diet excludes the abundance of royal jelly such that now DNMT3 methylates the DNA, 
which is responsible for the shorter lifespan of the worker honeybees (Cardoso-Júnior et 
al., 2018). 
Besides physiological differences between the reproductive queen and the non- 
reproductive workers, there are fundamental differences in the pheromones released by 
queen and workers. The queen substance that suppresses reproduction of female worker 
castes is redundant in Western honeybees, that are commonly found in North America 
and Europe. Saturated hydrocarbons, which are long chains of carbons lacking double 
bonds, are one of the anti-ovarian signals (Princen et al., 2019), these are the queen 
substances shared across several eusocial species (Van Oystaeyen et al., 2014 Oi et al., 
2016). These findings show that the queen substance is conserved both chemically and 
functionally across eusocial honeybees. The blends of chemicals are cues for 
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reproductive status and caste of a female (Billeter & Wolfner, 2018). Queen substance in 
ants and wasps are long- chain cuticular hydrocarbons (CHC) present on the outer layer 
or cuticle of the insects that form a layer of protection against desiccation but are also 
reproductive signals (Breed & Moore 2012, Oi et al., 2019). Another queen substance is 
QMP, which is restricted to the honeybee (Van Oystaeyen et al., 2014). In honeybees this 
substance was thought to primarily consist of the decenoic acid (DA) 9-oxo-decenoic 
acid (9-ODA) (Butler et al., 1962); however, further analysis has shown that it is 
composed of a much more complex mixture of chemicals (Slessor et al., 1988; Princen et 
al., 2019). 
1.2 Queen mandibular pheromone (QMP) 
Queen mandibular pheromone (QMP) is one of the best studied queen signals and is 
secreted as a waxy substance from the mandibular glands of the queen honeybee (Pankiw 
et al., 1996). Amounts of QMP are measured using queen equivalents (QE) in which 1 
QE is the amount of QMP a queen bee produces in a twenty-four-hour time period. 
QMP regulates reproduction and alloparental roles in a colony. It is considered as both, a 
releaser and a primer pheromone, since it elicits a rapid response (releaser), and some of 
its components such as 9-HDA and 9-ODA are known to initiate a response on the 
workers that takes days to manifest (primer) (Grozinger et al., 2007). 
The effect of QMP action has been studied for more than 50 years (Jarriault & Mercer 
2012). First, QMP secreted by the queen suppresses worker reproduction (Pankiw et al., 
2012, Hoover et al., 2003, Princen et al., 2019) such that the queen is maintained as the 
only reproductive female of the colony. Second, QMP also acts as an attractant for male 
honeybees, the drones (Gary & Marston 1971). QMP is made up of many components; 
however, the four components that comprise synthetic QMP (sQMP) are the best studied 
and there have been multiple studies conducted in honeybees with sQMP (Slessor et al. 
1990, Pankiw et al., 1996).  sQMP is composed of two DA, 9-hydroxydec-2-enoic acid 
(9-HDA) and 9-oxodec-2-enoic acid (9-ODA) and two phenolic compounds; methyl-p-
hydroxybenzoate (HOB) and 4-hydroxy-3-methoxyphenylethanol (HVA) (Slessor et al., 
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1990, Pankiw et al., 1996) and custom synthetic QMP (csQMP) is composed of the same 
components except that it includes 10-hydroxydec-2-enoic acid (10-HDA) instead of 9-
HDA. sQMP is a commercially produced version of the natural QMP and has been 
shown to suppress oogenesis and act as an attractant for worker bees (Pettis et al., 1995). 
9-HDA and 9-ODA, the two DA, induce an anti- ovarian response (Pankiw et al., 1996). 
Further analysis has shown that although 9-HDA and 9-ODA have a strong anti-ovarian 
effect, HOB and HVA also suppress oogenesis (Princen et al., 2019). QMP is detected by 
the olfactory system in honeybees. 
Components of QMP are proposed to form a complex with specific olfactory receptors 
(ORs) on the olfactory receptor neuron (ORN) which innervate specific glomeruli of the 
olfactory lobe (Jarriault & Mercer 2012). Specific glomeruli in the olfactory lobe of the 
male and female honeybees are activated by sQMP and its individual components 
(Wanner et al., 2007).  The honeybee OR AmOr11 is important in recognizing 9-ODA 
(Wanner et al., 2007) but, due to the lack of sophisticated genetic tools available for 
honeybees, besides AmOr11, not much is known about other ORs required to detect 
QMP in honeybees. Due to the possibility of conserved responses across species, 
discovering the role of specific ORs could be an extremely useful tool in the field of 
honeybee social biology. 
1.2.1 QMP Vs. retinue pheromone 
As previously explained, a pheromone response that produces a long-term change in an 
organism is known as a primer response. QMP primer response is the long-term anti- 
ovarian response of honeybee workers in which the queen is left as the sole reproductive 
member of the colony. This response is different from the retinue release response which 
is fast acting and short-lived (Pankiw et al., 1998). Retinue behavior of young workers is 
the attraction to the queen followed by grooming, licking and feeding the queen (Keeling 
et al., 2003). QMP and other compounds released as head secretions (Slessor et al., 1988) 
are responsible for inducing retinue behavior. Keeling et al., 2003, discovered four 
compounds, methyl-octadec-9-enoate (methyl oleate), 3-(4-hydroxy-3-methoxyphenyl)- 
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prop-2-en-1-ol (coniferyl alcohol), hexadecan-1-ol, and octadeca-9,12,15-trienoic acid 
(linolenic acid), that in addition to the compounds of sQMP constitute the queen retinue 
pheromone. These four additional compounds were ineffective individually and only 
initiated a retinue response in conjunction with components of QMP. Thus, the specific 
blend of these compounds in the presence of sQMP initiates retinue behavior (Keeling et 
al., 2003). The rationale of studying synthetic versions of QMP or retinue pheromone is 
that they can be produced in a lab setting and studies have repeatedly described the 
importance of the components of sQMP and retinue pheromone for retinue behavior as 
well as the primer effect on workers and drones (Pankiw et al., 1996, Slessor et al., 1990). 
1.2.2 Conservation of the response to QMP in the non- 
eusocial Drosophila melanogaster 
Various studies have been conducted to analyze the conservation of the response to 
honeybee QMP in eusocial insects such as wasps, ants and bumblebees (Van Oystaeyen 
et al., 2014). Drosophila, a non-eusocial insect responds to sQMP in three ways: 
suppression of oogenesis (Camiletti et al., 2013), attraction of males (Croft 2017) and 
sitter/rover fly lines that mimic the nurse/forager caste of female honeybees respond 
differentially to sQMP (Camiletti et al., 2014).  Camiletti et al., 2014 observed that sitter 
fly lines respond to sQMP and deactivate their ovaries, like the nurse caste of honeybees; 
whereas, rovers exposed to sQMP deactivated their ovaries less like foragers. By 
separating Drosophila from the direct source of sQMP, and only allowing flies to smell 
and not feed on it, oogenesis was suppressed, suggesting an olfactory response (Camiletti 
et al., 2016). To study the anti-ovarian response further, Camiletti et al., (2016) knocked 
down OR expression with RNAi and identified sixteen ORs required for the anti-ovarian 
response. Three ORs: Or98a, Or56a and Or49b are activated by sQMP (Galang et al., 
2019). DA, 9-HDA and 9-ODA are required for the anti-ovarian response in Drosophila, 
but HOB and HVA, the phenolic components, of QMP may play a role in enhancing the 
anti-ovarian response (Galang et al., 2019). Drosophila is a non-eusocial insect, all adult 
female flies are fertile, but they still respond to sQMP in two striking ways: oogenesis is 
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suppressed, much like the honeybee workers (Camiletti et al., 2016) and males are 
attracted to a source of sQMP, much like honeybee drones that are attracted to the queen 
that produces QMP (Croft 2017). 
1.3 Drosophila as a model organism 
A model organism is a species that has been extensively characterized providing 
sophisticated tools to dissect physiology, genetics network, behavior etc. Model 
organisms are relatively simple to breed and have a well-understood biology. Although 
Apis mellifera is a model organism for eusociality, we lack advanced tools to understand 
and identify the pathway used by worker bees to suppress oogenesis. However, due to 
sophisticated neurogenetic tools, Drosophila is an ideal organism to perform analyses 
with sQMP. The main reasons for Drosophila becoming an established and advanced 
model organism are its short generation time; its well-characterized life cycle, its well-
characterized genetic system, its well-characterized sequenced genome and the ability to 
reintroduce DNA back into the genome (Adams et al., 2000). All of the data about 
Drosophila genetics is curated in the integrated database, FlyBase (Gramates et al., 
2017). Drosophila has been used as a model organism to study development, genetics 
and behavior for more than a hundred years since Thomas Hunt Morgan, in 1910, 
(Morgan 1910) discovered the importance of chromosomes in inheritance. Importantly 
for this study, the Bloomington Drosophila stock center holds a large set of OR gene 
promoter GAL4 fusion fly stocks that can be used to suppress the activity of specific OR. 
1.4 Drosophila olfaction 
There is evidence that some of Drosophila behavior is driven by olfaction (Mansourian & 
Stensmyr, 2015, De Bruyne et al., 1999). Navigating towards or away from a source of 
scent is an important survival tactic and decision-making trait utilized in everyday life 
(Vosshall 2000). Drosophila has a simple olfactory system with two organs to “smell” 
compounds; the antenna and the maxillary palp (Fig. 1). The Drosophila antenna contains 
three different classes of sensillum; the basiconic, trichoid and coeloconic. There are 
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about 500 of these sensilla, which are fine hair-like extensions, each of which houses up 
to four neurons (Stocker 1994, Carlson 1996). The maxillary palp is a much simpler 
olfaction organ that contains only the sensilla basiconica (De Bruyne et al., 1999). An 
odor molecule is sensed by an OR expressed in particular ORN in either the antenna or 
maxillary palp. There are about 1200 ORN situated on the antennal segments and the 
interaction of the odor with a specific OR activates the olfactory neurons which project 
this stimulus to glomeruli in the olfactory lobe (Amrein 2004). This olfactory information 
activates projection neurons in the olfactory lobe that transmit the olfactory information 
to centers in the brain, such as the mushroom bodies and lateral horn (Carlson 1996). The 
activation of ORN play a vital role in Drosophila pheromone perception (Amrein 2004). 
Drosophila have 62 genes encoding ORs of which 54 have a GAL4 driver available from 
the Bloomington Drosophila Stock Center (Couto et al. 2005). The attraction of males to 
sQMP and the suppression of oogenesis are both olfactory responses (Croft 2017, 
Camiletti et al., 2016). Olfaction in Drosophila has also been well studied to understand 
responses to the external environment as well as responses to pheromones (Vosshall 
2008). One example is that Drosophila finds an ideal oviposition (egg-laying) sites using 
olfaction to detect the smell of decomposed fruits and yeast (Billeter and Wolfner 2018, 
Reed 1938).  
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Odor molecules bind to ORs in the maxillary palp or antenna, this results in activation of 
projection neurons in the antennal lobe. Odor information is then relayed to mushroom 
body or lateral horn. 
1.4.1 Role of Ionotropic Receptors (IR) 
Also known as ligand-gated ion channels (LGICs), IR are a class of chemosensory 
receptors that, in addition to OR, play an important part in Drosophila olfaction. Origin 
of IRs differ evolutionarily from ORs and gustatory receptors (GRs) (Rimal & Lee, 
2018). ORs are G-protein coupled receptors that are active when they are in a protein 
complex with the olfactory receptor co-receptor (ORCO) and bound to an odorant 
(Gomez-Diaz et al., 2018).  IRs are expressed in coeloconic sensilla whereas ORs are 
expressed in basiconic and trichoid sensilla (Gomez-Diaz et al., 2018). When ligands 
Mushroom body  
Maxillary palp 
Antennal lobe 
Antenna 
Figure 1 Olfaction in Drosophila 
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which are the chemicals that bind to receptors, such as neurotransmitters, adhere to the 
binding site in an IR, a channel is opened allowing ions to flow into the neuron changing 
the membrane potential. Drosophila IRs were characterized (Benton et al., 2009) in a 
bioinformatics screen. The initial impetus for this screen was the lack of identified 
neurons for several odors that are not detected by ORs or gustatory neurons. Functions of 
some IRs are known, such as Drosophila Ir92a detects ammonia (Benton et al., 2009), 
and Ir84a detects phenylacetic acid, a component that increases male courtship behavior. 
In addition, IRs also function in sensing favorable locations for survival such as 
temperature, humidity, taste and salt concentrations (Rimal & Lee, 2018, Koh et al., 
2014). 
1.4.2 Drosophila chemotaxis 
Chemotaxis is the maneuver towards or away from a source of an odor/scent that can be 
either beneficial or harmful to an organism. Drosophila is attracted to the smell of rotting 
fruit and vinegar (Palanca et al., 2013, Schlenke & Lazzaro 2008, Jouandet & Gallio 
2015) but avoids high concentrations of carbon dioxide (Turner & Ray 2009). They are 
also attracted to cVA at large distances but are repulsed at a shorter range (Ejima 2015). 
So, what is the driving force behind this discrimination to particular scents? The response 
is thought to be driven largely through the complex system of olfaction (Gao 2014).  
Extensive behavioral studies on Drosophila have been conducted to understand the 
chemotactic response (Becker 1970, Gaudry et al., 2012, Gao 2014). Importantly, for my 
study, the responses to sQMP observed in Drosophila are very similar to those observed 
in honeybees: males are not only attracted to sQMP but also show an increased courtship 
behavior towards females (Croft 2017), and females exposed to sQMP develop reduced 
ovaries containing a smaller number of eggs (Camiletti et al., 2013). 
1.5 Screening of olfactory receptors 
The ORs and ORN for a number of scents and pheromones have been identified in 
Drosophila. For example, sex pheromone cVA is detected by Or67d (Kurtovic et al., 
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2007) and methyl laureate, which reduces male courtship, is detected by Or47b (Dweck 
et al., 2015). There are two methods that can be used to identify the OR and ORN 
required to detect a scent or pheromone.  The first is an RNAi screen to knock down 
expression of ORs to determine which receptors are important for the detection of the 
scent. The second is to use GAL4 expressed in particular ORN to inhibit synaptic 
transmission and determine which OR is important for detection of the scent. 
One major genetic toolkit of Drosophila is the GAL4-UAS system (Fig. 2), which allows 
the specific temporal and spatial expression of genes of interest (Brand & Perrimon 
1993). The GAL4-UAS system requires two fly lines: one with the GAL4, which is a 
yeast transcription factor and fused to a promoter (the driver line); and a second with the 
Upstream Activation Sequence UAS that binds GAL4 fused to a gene of interest. In the 
F1 progeny from a cross of these flies, and genes downstream of the GAL4 dependent 
regulatory element (UAS) are expressed in the same temporal and spatial pattern as 
GAL4. This system can be used to express an array of molecules that can modify the 
behavior of an organism. 
Disrupting neural transmission to inhibit olfaction in target neurons can be done in a 
variety of ways such as using diphtheria toxin (DTA), potassium channel Kir2, and by 
using a dominant negative form of dynamin (shibire) (Pauls et al., 2015, Retzke et al., 
2017). These methods inhibit neural transmission, but recent findings have shown that 
tetanus toxin (TeTx), which is a neurotoxin, is the most effective way to inhibit neural 
transmission of OR in ORN (Retzke et al., 2017). 
Expression of active TeTx disrupts synaptic transmission by cleaving synaptobrevin, a 
protein responsible for synaptic regulation (Sweeney et al., 1995). TeTx inhibits the 
synaptic vesicles from releasing neurotransmitters by suppressing calcium-dependent 
synaptic fusion (reviewed in Kidokoro 2003). Using TeTx to inhibit neuron function 
combined with OrGAL4 drivers is useful for identifying olfactory neurons required for 
chemotaxis. In contrast to the active TeTx that inhibits ORN, inactive TeTx is used as a 
control to validate the inhibition response observed with the active form (Sweeney et al., 
1995). The efficaciousness of TeTx relative to other methods of silencing neurons such as 
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shibire or the use of potassium channel Kir2 has been assessed (Retzke et al., 2017). Flies 
that expressed TeTx in their olfactory neurons consistently lost attraction to targeted 
odors relative to the other methods tested (Retzke et al., 2017). Inhibition of neurons via 
TeTx has been widely used to test olfactory jump responses as well (McKenna et al., 
1989). Besides olfaction, TeTx has been used to study vision, memory, locomotion and 
learning (Martin et al., 2002). Behavior tests can be done efficiently using TeTx with no 
effect on development (Sweeney et al., 1995). 
 
Figure 2 GAL4-UAS system 
A valuable toolkit used in Drosophila genetics is the GAL4-UAS system which allows 
specific expression of genes of interest. When fly lines with the OrGAL4 driver and UAS 
TeTx are crossed, the F1 progeny express TeTx in a specific OR because GAL4 
expressed from the OR promoter drives the expression of TeTx. 
1.6 Hypothesis and Objective 
I hypothesize that the chemotactic response of Drosophila toward sQMP is mediated by 
OR. This was observed earlier in males by Croft (2017). Therefore, I aim to determine 
what components of sQMP are important for chemotaxis in both males and females. I 
also aim to identify the ORs that detect the important components of sQMP by using the 
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54 OrGAL4 lines to inhibit 54 of the 62 OR of Drosophila. These data will help answer 
the question of why a non-eusocial insect, Drosophila, responds to one of the most 
complex pheromones produced by a eusocial insect and how this response is conserved 
between eusocial honeybees and non-eusocial ancestors. 
Objectives: 
1. To characterize the chemotactic response to sQMP and csQMP and its individual 
components in Drosophila and observe interactions between individual components of 
sQMP and csQMP. 
2. To identify the ORs that mediate the chemotactic response to the individual 
components of sQMP and csQMP. 
3. To determine if the ORs important for chemotaxis have a role in suppression of 
oogenesis. 
2 Materials and Methods 
2.1 Fly stock and husbandry 
The OrGAL4 driver stocks and the UAS TeTx stocks were ordered from Bloomington 
Drosophila Stock Center, Indiana, U.S.A. All flies were reared in either 20 ml vials or 
larger glass milk bottles on food made with the Elgin and Miller’s recipe (Elgin & Miller, 
1978) (1 L water, 100 g cornmeal (Unico), 15 g yeast (Sigma), 60 g sugar (Lantic), 10 g 
agar (EMD) and 3.75 g methyl hydroxybenzoate as an anti-fungal agent (BioShop) at a 
standard temperature of 23° C, and 60% humidity. 
2.2 T-maze assay 
Newly eclosed flies were anesthetized on ice; 15 flies were separated into vials of either 
males or females, and they were aged for at least 3 days prior to the behavioral assay. On 
the day of the assay, flies were allowed to acclimate in a room held at 50% humidity and 
25° C in white light. The flies were placed in 14 ml test tubes (Corning, Falcon) that fit in 
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the opening of the T-maze elevator (Fig. 3) (Tully & Quinn 1985). The elevator was 
lowered, allowing flies to acclimate to their new environment for one minute. Once 
acclimated, the elevator was lowered entirely, and flies were given a free choice to 
choose between two sides of either left or right for two minutes. Corresponding 
treatments of either sQMP, csQMP or their individual components were placed 
alternatively on right or the left arm of the T-maze. All olfactory-driven behavior tests 
were repeated at least five to a maximum of nine times. 
The number (N) of flies on either the treatment side (N treated) and the control side with 
vehicle only (N untreated) were counted in the left arm, middle segment and right arm of 
the T-maze for two minutes. Preference Index (PI %) was calculated for the chemotactic 
response.  
PI (%) = N (treated) - N (untreated) / Sum of total flies x 100  
A 100% or -100% preference index means that all flies were directed to a single side. A 
negative value is repulsion; whereas, a positive value is considered an attraction to the 
components tested in a T-maze. Similarly, a 0% preference index suggests that flies are 
neither attracted nor repulsed by a component. 
 
Figure 3 T-maze apparatus 
Drosophila have a choice to select between two sides. One side is treated with sQMP, 
csQMP or their constituent components whereas the opposite side consists of an odorless 
control. The elevator is slid down and flies are lowered to select between two options. 
Elevator  
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2.3 Synthetic QMP (sQMP) 
Three different mixtures of four compounds that constitute either synthetic QMP (sQMP) 
or custom synthetic QMP (csQMP) were used in this study. For the T-maze assays two 
mixtures, sQMP and csQMP, which includes 10-HDA instead of 9-HDA, were used that 
are based on the amounts produced by a mated European honeybee (Pankiw et al., 1996; 
Galang et al., 2019). In csQMP the same amount of 10- hydroxy-decenoic acid (10-HDA) 
is substituted for 9-HDA found in sQMP and used in previous experiments (Galang et al., 
2019). For sQMP, the amounts for 1 QE were 20 μg HOB (Bioshop, Canada) , 2 μg HVA 
(Sigma Aldrich), 80 μg 9-HDA (synthesized by Dalton Pharma) and 200 μg 9-ODA 
(Oxchem IL); whereas, for csQMP, the amounts for 1QE were 20 μg HOB, 2 μg HVA, 
80 μg 10-HDA (Oxchem, IL) and 200 μg 9-ODA (Galang et al., 2019). Alternate 
mixtures for analysis were based on the amounts found in sQMP or csQMP; for example, 
a 1QE mixture of HVA and HOB contained 20 μg HOB and 2 μg HVA. For the anti-
ovarian response, the sQMP mixture was based on the amounts produced by laying 
queens: 200 μg 9-ODA, 80 μg 9-HDA, 20 μg HOB and 2 μg HVA (Pankiw et al., 1996). 
The mixture containing 1 QE of the DA contained 200 μg 9-ODA and 80 μg 9-HDA. All 
chemicals were in a powder form, with the exception of liquid 9-HDA. 
Wild type (WT) flies were tested for chemotaxis with every component of QMP i.e., 
HOB, HVA, 9-HDA,10-HDA and 9-ODA. After testing individual components, all 
pairwise combinations were tested i.e., HOB+HVA, HOB+10-HDA, HOB+9-ODA, 
HOB+9-HDA, HVA+9-HDA, HVA+10-HDA, HVA+9-ODA,10-HDA+9-ODA, 9-
HDA+9-ODA. Combinations of mixture of three components were also tested i.e., 
HOB+HVA+9-ODA, HVA+HOB+10-HDA, HVA+ODA+10-HDA, HOB+9-ODA+10-
HDA, HOB+HVA+9-HDA and HOB+9-HDA+9-ODA. The doses tested were 
6,13,20,25 and 30 QE.  
For the anti-ovarian assays, the sQMP was dissolved in ethanol. For the T-maze assays 
all mixtures were dissolved/suspended in mineral oil, since ethanol interferes with 
behavior and locomotion (Wolf et al., 2002). The only exceptions were the complete 
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mixtures of sQMP and csQMP which were dissolved in ethanol due to the waxy nature of 
the mixtures in mineral oil. In the two arms of the T-maze, filter paper (Whatman Grade 
1) was placed: one filter paper treated with 20 µl of the sQMP/csQMP components in 
mineral oil or ethanol and the filter paper in the other arm treated with 20 µl of the 
vehicle used as the control. When ethanol was used, the filter paper was allowed to 
evaporate for five hours before conducting the behavioral assay. 
2.4 OR and IR screen 
Three male flies with promoters for different ORs or IRs fused to GAL4 were crossed 
with 12-15 females that carried the TeTx transgene (w[*];UAS-TeTxLC ). F1 generation 
was used for behavior tests. F1 progeny expressing active TeTx under the control of an 
OrGAL4 driver were collected soon after eclosion and separated in males and females in 
vials and stored for 3-7 days. For the screen, HOB was tested at 6 and 30 QE, HVA at 13 
and 30 QE and 10-HDA, 9-HDA and 9-ODA were all tested at 20 QE. Only females 
were tested for HOB and HVA, males for 10 and 9-HDA, both male and female flies 
were tested for 9-ODA. Upon the completion of the screen with 54 ORs / 8 IRs GAL4 
drivers, specific candidates were rescreened with independent OrGAL4 lines crossed with 
TeTx flies to validate the response we observed in the screen. Candidate OR/IR receptor 
were retested using expression of both active and inactive TeTx using a mutant 
(inactivated) TeTx (w[*]; UAS-TeTxLC.(-)) stock. 
2.5 Oogenesis assay 
The number of eggs was assayed as previously conducted by Camiletti et al., 2013 and 
Galang et al., 2019. Three male flies carrying the OrGAL4 driver were crossed with 
fifteen UAS TeTx female flies. Ten virgin, F1 females were collected for each ovary 
assay and placed in a modified Falcon tube. The flies of all assays were fed 150 µl of a 
liquid diet consisting of 30 g/l of sugar, 20 g/l of yeast on filter paper. One of three 
conditions was tested: 20 ul of ethanol, 20 ul of 13 QE of sQMP or 13 QE DA (9-HDA + 
9-ODA). The filter papers containing the diet and treatments were changed after twenty- 
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four hours. At forty-eight hours (Galang et al., 2019), Drosophila ovaries were dissected 
in Ringer’s solution with sharp forceps, fixed with 4% formaldehyde, stained with 4′,6-
diamidino-2- phenylindole (DAPI), and mounted in 10% glycerol + PBS. The number of 
eggs in an ovary pair were counted using a dissecting microscope. 
2.6 Statistical analysis 
All data are analyzed by GraphPad Prism Version 8.2.1(279). An Ordinary one-way 
analysis of variance (ANOVA) was applied to compare the means of treatments and 
control. A two-way ANOVA was used to detect interactions between QMP blends and 
their components. A Tukey's post-hoc test determined the difference among the set of 
means. The screen data were analyzed by simple pair-wise ANOVAs between the WT 
and fly progeny expressing TeTx using a particular OrGAL4 driver. The egg number data 
for the analysis of the anti-ovarian response were analyzed with an ANOVA. Normality 
of data were assessed on a quantile-quantile (QQ) plot. Homoscedasticity of the data was 
assessed in a plot of the residuals. All T-maze data showed equal variance; however, egg 
count data for Or47b and Or85b were log transformed to meet the criteria of 
homoscedasticity. 
3 Results 
3.1 Chemotactic response of Drosophila to sQMP, 
csQMP and their components 
I examined the chemotactic response of male and female flies to sQMP, csQMP and their 
individual components. Males display the most attraction to sQMP and 13 QE as 
observed by Croft (2017): males display attraction at 13 QE (F5,48=2.0, P=0.03) (Fig. 4, 
d) and are neither attracted nor repulsed at any other concentrations, females show neither 
attraction nor repulsion at all concentrations (F5,48=2.2, P=0.06) (Fig. 4, c). The response 
in both, males and females towards csQMP is repulsive at high concentrations ie., 20,25 
and 30 QE for males (F5,48=7.0, P<0.0001) (Fig. 4, b) and for females (F5,48=12.5, 
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P<0.0001) (Fig. 4, a). All components of csQMP, but not 9-HDA found in sQMP, act as 
attractants in males and/or females; however, at high concentrations, the two phenolic 
components (HOB and HVA) are strongly repulsive for females (Fig. 5, Column I a and 
c). 
The chemotactic responses to some individual components of sQMP and csQMP are 
sexually dimorphic. The response to HVA is different in males and females (F5,96=18.0, 
P<0.0001); HVA is an attractant for males (F5,48=5.0, P=0.0009) (Fig. 5, Column II- b) 
but the attraction at low (13) QE in females changes to repulsion at higher concentrations 
i.e. 20,25 and 30 QE (F5,48=18, P=0.0001) (Fig. 5, Column I-a). Similarly; the HOB 
response is sexually dimorphic (F5,96=12.0, P<0.0001); the response to HOB in males is 
not attractive or repulsive (F5,48=2.0, P=0.1) (Fig. 5, Column II-d), but the attraction at 
low QE (6) in females changes to repulsion at higher concentrations of 25 and 30 QE 
(F5,48= 21, P<0.0001) (Fig. 5, Column I-c). The response to DA, 10-HDA and 9-ODA are 
also different in males and females, 10-HDA (F5,96=1.6, P=0.1); 9-ODA (F5,96=1.7, 
P=0.1). Males show attraction to 10-HDA at 20 QE (F5,48= 4.0, P=0.004) (Fig. 5, Column 
II-f) but females are neither attracted nor repulsed to 10-HDA (F5,48= 2.0, P=0.1) (Figure 
5, Column I-e). Response to 9-ODA is also sexually dimorphic at 20 QE (F5,96=1.7, 
P=0.1) females display attraction to 9-ODA at 20 QE (F5,48=3.0, P=0.02) (Fig. 5, Column 
I-i) but males show no response at all concentrations (F5,48=1.0, P=0.27) (Fig. 5, Column 
II-j). There is no attraction or repulsion to 9-HDA in either males or females. 
Significance to 9-HDA is observed in a one-way ANOVA for males (Fig. 5, Column II-
h) (F5,48=2.7 P=0.01) but a Tukey post-hoc test does not detect significant differences. 
Females are neither attracted nor repulsed to 9-HDA at any concentrations. (F5,48=1.14, 
P=0.4). (Fig. 5, Column I-g). 
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Figure 4 Chemotactic response to sQMP and csQMP 
Chemotactic response to Drosophila females to sQMP and csQMP: (a) csQMP and (c) 
sQMP. Chemotactic response of males to csQMP (b) and sQMP (d). Each grey dot 
represents PI of attraction or repulsion and black bars indicate mean ± SEM. The data 
with the same letters are not significantly different (P>0.05). 
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Figure 5 Chemotactic response to single components of sQMP and csQMP 
Chemotactic response of Drosophila females to components of sQMP and csQMP. 
Column I towards (a) HVA, (c) HOB, (e)10-HDA, (g) 9-HDA and (i) 9-ODA. Column II 
is the male response for the same components (b, d, f, h, j). Each grey dot represents PI of 
attraction or repulsion and black bars indicate mean ± SEM. The data with the same 
letters is not significantly different (P>0.05). 
3.1.1 Interactions between components of sQMP and csQMP 
To determine whether the QMP components act independently of one another or interact 
with each other, all combinations of two and three components of the QMPs were tested 
at 5 concentrations 6, 13, 20, 25 and 30 QE (Fig. 6 and Fig. 7). Two-way ANOVAs were 
used to determine if there were differences between conditions (Fig. 8 and Fig. 9). For the 
combinations of two components, a two-way ANOVA was performed with the mixture 
containing both components (HOB+HVA) and mixtures containing the single 
components (HOB or HVA). For the combination of three components, a two-way 
ANOVA was performed with the mixture containing all three components (HOB+HVA+ 
9-ODA) and all possible mixtures containing two components (HOB+HVA; HVA+9-
ODA; HOB+9-ODA). csQMP and sQMP were compared against all possible mixtures 
containing three components (HOB+HVA+9-ODA, HOB+10-HDA+9-ODA, HVA+10-
HDA+9-ODA, HOB+HVA+10-HDA, HOB+HVA+9-HDA, HVA+9-HDA+9- ODA and 
HOB+9-ODA+9-HDA). 
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Of the eighteen assays for two components (nine pair-wise combinations assayed in 
males and females), eleven showed a significant interaction between components.  In 
both males and females, the attraction to HOB and HVA was suppressed when both HVA 
and HOB were present (Fig. 8: a and b). In both males and females, the attraction to HVA 
was suppressed by the presence of 10-HDA (Fig. 8: c, d). In males 9-ODA suppressed 
attraction to 10-HDA (Fig. 8: e); whereas, in females 10-HDA suppressed attraction to 9- 
ODA (Fig. 8: f). In females, repulsion to HVA was suppressed by the presence of 9-ODA 
(Fig. 8: g). In females, attraction and repulsion to both HOB and HVA was suppressed by 
the presence of 9-ODA (Fig. 8: g and h). In males, attraction to HOB is suppressed in the 
presence of 10-HDA (Fig. 8: i). In females, 10-HDA suppressed attraction to HOB (Fig. 
8: j). In males, attraction to HOB was suppressed by the presence of 10-HDA (Fig. 8: i) 
and attraction to any component was suppressed in the presence of 9-HDA Finally, in 
females, repulsion to HVA was suppressed in the presence of 9-HDA (Fig. 8: k). All 
interactions between the two components show a suppression or reversal of response. 
 
For three components, out of the fourteen two-way ANOVAs with both males and 
females, seven showed a significant interaction between components. In females, 
repulsion to HVA and HOB was suppressed by the presence of 10-HDA and 9-ODA in 
the HVA+HOB+10-HDA and HOB+HVA+9-ODA blends (Fig. 9: a and b). In females, 
the attraction at 13 QE and repulsion at higher concentrations to HVA was restored with 
the presence of 9-ODA and 10-HDA (Fig. 8: d and g). Relative to 9-ODA+10-HDA (Fig. 
8: e) or HOB+10-HDA (Fig 8: i), HOB+9-ODA+10-HDA is more attractive at 20 and 25 
QE in males (Fig. 9: d) and HVA+9-ODA+10-HDA is more attractive at 13 QE in 
females (Fig. 9: c) also relative to 9-ODA+10-HDA. The differences between HOB+10-
HDA (Fig. 8: j) and HOB+9- ODA (Fig. 8: h) or HOB+10 HDA at 25 QE is dampened in 
the mixture containing the three components in females (Fig. 9: e). Presence of 9-HDA 
suppressed the repulsion observed with HOB+HVA in females (Fig. 9: f). Finally, in 
females the difference observed between HOB+9-HDA and 9-HDA+9-ODA mixtures are 
dampened in the blend of the three components (Fig. 9: g). Only csQMP showed a 
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difference between itself and all three component mixtures (Males Fig. 9: h and Females 
Fig. 9: i). These analyses suggest that there are a complex set of interactions between the 
components and that the components do not act independently of one another. 
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Figure 6 Interaction of two sQMP and csQMP components 
Interactions of two components of sQMP and csQMP and their chemotactic response in 
Drosophila. Female responses to mixtures of two of the sQMP components are listed in 
Column I (a) HOB+HVA, (e) HVA+10-HDA (i) HOB+9-HDA (m) 9-ODA+9-HDA (q) 
HVA+9-HDA and in Column III (c) HOB+10-HDA (g) 10-HDA+9-ODA (k) HVA+9-
ODA and (o) HOB+9-ODA and male response to the same mixtures are depicted in 
Column II (b,f,j,n,r,) and in Column IV (d,h,l,p). The overall ANOVA results for each of 
the combinations is provided in the appendix Table 3 and 4. The data with the same 
letters are not significantly different (P>0.05). 
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Figure 7 Interaction of three csQMP and sQMP components 
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Interactions of three components of sQMP and csQMP and their chemotactic response in 
Drosophila. Female responses to mixtures of two of the sQMP components are listed in 
Column I (a) HVA+HOB+10-HDA, (e)  HOB+HVA+9-ODA (i) HVA+9-ODA+10-
HDA and (m) HOB+9-ODA+10-HDA and in Column III (c) HOB+HVA+9-HDA (g) 
HOB+9-HDA+9-ODA and (k) HVA+9-HDA+9-ODA. The male responses to the same 
mixtures are depicted in Column II (b,f,j,n,) and in Column IV (d,h and l ). The overall 
ANOVA results for each of the combinations are provided in the appendix Table 3 and 4. 
The data with the same letters are not significantly different (P>0.05). 
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Overall interaction: F10,144=3.2, P=0.0009 
HVA+10-HDA vs. HVA <0.0001 
HVA+10-HDA vs. 10-HDA <0.0001 
HVA vs. 10-HDA 1 
 
Overall Interaction: F10,144=9.0, P<0.0001 
HOB+HVA vs. HVA 0.5 
HOB+HVA vs. HOB 0.04 
 
 
 
Overall interaction: F10,144=4.0, P<0.0022 
HOB+HVA vs. HVA 0.002 
HOB+HVA vs. HOB 0.002 
HVA vs. HOB 1 
 
 
HVA vs. HOB 0.4 
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Overall interaction: F10,144=2.1, P=0.03 
9-ODA+10-HDA vs. 10-HDA 0.3 
9-ODA+10-HDA vs. 9-ODA <0.0001 
9-ODA vs. 10-HDA 0.0001 
 
 
 
Overall interaction: F10,144=2.5, P=0.009 
9-ODA+HDA vs. 9-ODA 0.004 
9-ODA+HDA vs. 10-HDA <0.0001 
9-ODA vs. 10-HDA 0.5 
 
 
Overall interaction: F10,144=6.6, P<0.0001 
HVA+10-HDA vs. HVA 0.8 
HVA+10-HDA vs. 10-HDA 0.9 
HVA vs. 10-HDA 1 
 
Overall interaction: F10,126=6.0, P<0.0001 
HOB+9-ODA vs. HOB 0.5 
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Overall interaction: F10,127=4.6, P<0.0001 
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Figure 8 Two-way ANOVA of significant interactions between two components of 
sQMP and csQMP 
All combinations are compared to control and their individual components/blends. All 
two-way ANOVA results have a P-value<0.05. Data with the same letters are not 
significantly different (P>0.05). 
A comparison of the female response to HOB, HVA and csQMP shows no significant 
difference in a two-way ANOVA (F5,48=1.8, P=0.06) suggesting that HOB and HVA may 
0 6 13 20 25 30
-50
0
50
Concentration (QE)
Pr
ef
er
en
ce
 In
de
x 
(m
ea
n)
HOB + 10-HDA MALES
HOB+10-HDA
10-HDA
HOB
cde cdede cde de e
abc
bc cd
abc
abc bc ab
abcabcabc
abc
abc
i)
0 6 13 20 25 30
-50
0
50
Concentration (QE)
Pr
ef
er
en
ce
 In
de
x 
(m
ea
n)
HOB + 10-HDA FEMALES
HOB+10-HDA
HOB
10-HDA
c abcd bcd d e
c
d ec
cd
ac abc bcd
ccc
c
c
j)
0 6 13 20 25 30
-50
0
50
Concentration (QE)
Pr
ef
er
en
ce
 In
de
x 
(m
ea
n)
HVA + 9-HDA FEMALES
9-HDA+HVA
9-HDA
HVA
b bb ab ab ab
b
a a
c
b ab ab
bcab
b
c
k)
Overall interaction: F10,126=2.4, P=0.01 
HOB+10-HDA vs. 10-HDA <0.0001 
HOB+10-HDA vs. HOB <0.0001 
10-HDA vs. HOB 1 
 
 
 
Overall interaction: F10,126=2.1, P=0.03 
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be major drivers of the response observed in females to csQMP. I tested this suggestion 
by analyzing the interactions between components of csQMP and sQMP. 
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Overall interaction: F15,174=6.7, P<0.0001 
HOB+HVA+9-ODA vs. HOB+HVA 0.1 
HOB+HVA+9-ODA vs. HOB+9-ODA 1 
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Overall interaction: F20,186=1.7, P=0.04 
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All combinations are compared to control and their individual components/blends. All 
two-way ANOVA results have a P-value<0.05. Data with the same letters are not 
significantly different (P>0.05). 
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Figure 9 Two-way ANOVA of significant interactions between three components of sQMP 
and csQMP 
i) 
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3.2 Screen for ORs that detect components of sQMP 
and csQMP 
A screen was performed to identify ORs that mediate chemotaxis towards the 
components of the sQMP and csQMP. The GAL4-UAS system was used to inhibit fifty-
four available GAL4 lines for ORs and eight IRs expressed in the antenna. As a proof of 
concept and prior to performing the screen, Or98a, which potentially detect HOB, were 
analyzed (Camiletti et al., 2016). Based on Or98a ligands having structural similarity 
with HOB, it was proposed that Or98a is a HOB receptor (Camiletti et al., 2016). Male 
Or98a GAL4 driver flies were crossed with female flies carrying either active or 
inactivated TeTx and attraction to 6 QE of HOB was assessed.  Female flies expressing 
active TeTx in Or98a neurons lost their chemotactic response to HOB and those 
expressing inactive TeTx displayed a chemotactic response to HOB resembling the WT 
response (Fig. 10). This suggests that Or98a is a candidate receptor for the HOB 
chemotactic responses providing a proof of concept for a large-scale screen. All 54 
available ORs and 8 IR GAL lines were tested by crossing with active TeTx (Table 1). 
The independent drivers that were unavailable were simply repeated with the same GAL4 
lines to detect reproducibility of effects. The flies expressing TeTx in specific ORs were 
assessed for chemotactic responses to the most significantly attractive or repulsive doses 
of the various components of sQMP and csQMP (Fig. 5): 6 and 30 QE of HOB (Fig. 11 
and Fig. 12) 13 and 30 QE of HVA(Fig. 13 and Fig. 14), 20 QE of 10-HDA and 9-HDA, 
(Fig. 15 and Fig. 16) and 20 QE of 9-ODA (Fig. 17 and Fig. 18). Responses of the flies 
with specifically inhibited ORs that were different to WT (Oregon R) behavior were 
identified and independent GAL4 driver lines expressing an OrGAL4 were rescreened.  
Following the rescreen all ORs and IRs were classified into 8 groups based on two 
criteria: reproducibility between independent OrGAL4 lines, and whether they had been 
identified in a prior RNAi screen conducted by Camiletti et al., 2016 for ORs required for 
the anti-ovarian response (Table 5). The basis of the classification of the various ORs is 
as follows. 
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Class 1: Repeated differences in the response to one or more component and identified in 
the RNAi screen Camiletti et al., 2016. 
Class 2: Repeated differences in the response to one or more component. 
Class 3: The independent OrGAL4 lines show significant differences in the response to 
different components, and identified in RNAi screen Camiletti et al., 2016. 
Class 4: The independent OrGAL4 lines show significant differences in the response to 
different components. 
Class 5: Differences with one independent OR or IR GAL4 line and identified in RNAi 
screen Camiletti et al., 2016. 
Class 6: Differences with one independent OR or IR GAL4 line. 
Class 7: No differences detected and identified in RNAi screen Camiletti et al., 2016  
Class 8: No differences detected. 
A secondary screen to observe responses of flies that expressed active TeTx as well as 
inactive TeTx was performed (Table 2). We expected that flies expressing inactive TeTx 
will restore the chemotactic response towards components of sQMP and csQMP; 
however, we observed that flies expressing inactive TeTx expressing also lost response to 
components of sQMP and csQMP much like when active TeTx is expressed (Fig. 19). 
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Figure 10 Proof of concept for the screen 
Proof of concept for the screen with Or98a expressing active TeTx and inactive TeTx(-). 
Flies expressing active TeTx in Or98a have lost the response to 6 QE of HOB; whereas, 
those expressing inactivated TeTx are still attracted towards 6 QE of HOB. Flies crossed 
with inactivated TeTx UAS transgene exhibit a significantly different response relative to 
flies expressing active TeTx (P=0.002) 
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Stock 
no. 
Receptor 6 QE HOB 30 QE 
HOB 
13 QE 
HVA 
30 QE 
HVA 
9-HDA 10-HDA 9-ODA 
(M) 
9-ODA 
 (F) 
CLASS 1 
23918 Or9a 0.7 0.04 0.003 1 1 0.7 0.4 0.7 
23919 Or9a-r 1 0.9 <0.0001 0.4 1 1 1 0.8 
9979 Or46a 1 0.005 1 1 1 0.9 1 0.1 
9980 Or46a-r 0.3 0.01 0.2 0.1 0.6 0.2 1 1 
9982 Or47a 1 1 0.01 1 0.04 0.5 1 1 
9981 Or47a-r 0.9 0.6 0.0004 0.2 0.9 0.9 1 0.0008 
23900 Or59c 1 0.3 0.8 1 1 0.04 0.2 0.003 
23899 Or59c-r 0.09 0.007 0.1 0.4 NA 0.03 NA 0.0083 
23901 Or65b 0.4 0.8 0.9 0.4 1 0.03 1 0.5 
23902 Or65b-r 0.9 0.01 0.1 0.7 1 0.004 NA 0.2 
CLASS 2 
9949 Or1a 0.6 0.0004 0.03 1 1 0.03 0.3 0.9 
9950 Or1a-r 0.03 0.2 0.1 0.1 0.3 0.03 0.6 0.01 
9945 Or13a 1 0.6 0.04 0.7 1 0.07 0.2 1 
23886 Or13a-r NA NA 0.002 NA NA 0.003 0.3 0.9 
9963 Or33b 1 0.0005 1 0.8 1 0.3 1 0.04 
9964 Or33b-r 0.6 0.001 0.4 0.7 0.09 0.07 1 0.5 
23893 Or33c 1 0.02 0.6 1 1 0.03 0.02 1 
38 
 
 
 
 
9966 Or33c-r 0.7 0.04 0.3 0.7 NA 1 1 NA  
9985 Or49a 1 0.007 1 1 1 0.3 1 1 
9985 Or49a-r 1 0.004 0.3 NA 1 0.6 1 1 
9991 Or63a 0.8 0.004 1 0.3 1 0.5 1 1 
9992 Or63a-r 0.8 0.002 0.006 0.08 1 0.4 0.5 1 
23121 Or71a 0.5 1 0.001 0.1 1 0.6 0.9 1 
23122 Or71a-r 0.8 0.01 0.034 0.4 NA 0.2 NA 1 
23911 Or85b 1 1 1 1 1 <0.0001 0.7 0.6 
23912 Or85b-r 1 0.06 0.05 0.04 1 0.02 0.1 0.6 
23916 Or94b 0.04 0.7 1 0.6 1 0.03 1 1 
23917 Or94b-r 0.03 0.005 NA NA NA 0.04 NA NA 
CLASS 3 
9986 Or49b 0.3 0.02 0.3 0.5 1 0.1 0.9 1 
24614 Or49b r 0.3 0.2 1 0.3 1 0.03 1 1 
CLASS 4 
9977 Or45b 1 0.03 0.8 0.7 1 0.08 1 1 
9978 Or45b-r 0.007 0.4 0.04 0.7 1 0.003 1 1 
23897 Or59b 1 0.4 0.04 0.9 1 0.5 1 0.5 
23898 Or59b-r 0.04 0.6 1 1 0.5 NA 1 NA 
23125 Or82a 0.8 0.4 0.8 0.01 1 0.1 0.09 0.3 
23126 Or82a-r 0.03 0.2 0.009 NA 1 0.8 1 1 
39 
 
 
 
 
23133 Or85a 0.01 0.6 0.8 0.5 1 0.6 1 0.4 
23133 Or85a-r 0.8 0.2 0.03 NA 1 0.04 1 1 
23140 Or92a 0.2 0.5 0.02 1 0.6 0.3 1 1 
23139 Or92a-r 0.02 NA 0.3 1 N/A 0.5 1 0.0007 
CLASS 5 
9951 Or22a 1 1 0.3 0.5 1 1 1 1 
9952 Or22a-r 0.9 0.2 0.001 0.3 0.7 0.7 1 0.9 
9962 Or33a 1 1 1 0.2 1 0.1 1 1 
9961 Or33a-r 1 0.06 0.004 0.9 1 0.002 1 0.4 
9983 Or47b 1 1 0.6 1 1 0.5 0.3 1 
9984 Or47b-r 0.8 0.002 0.2 0.4 0.2 0.03 0.3 0.008 
23896 Or56a 1 0.5 1 1 0.9 0.4 1 1 
9988 Or56a-r 0.5 0.5 0.8 0.4 1 0.4 1 1 
9987 Or56a-r 0.7 1 1 0.6 1 0.02 1 0.8 
CLASS 6 
23889 Or19b 1 0.9 1 0.4 1 0.03 1 1 
23888 Or19b-r NA NA 1 0.5 NA 0.5 NA 1 
9967 Or35a 0.2 0.3 1 1 1 1 1 0.9 
9968 Or35a-r 0.5 0.01 0.4 0.7 0.9 0.1 1 0.2 
9972 Or42b 1 0.5 1 1 1 0.9 1 0.9 
9971 Or42b-r 0.07 0.0009 1 0.3 1 0.4 1 0.9 
40 
 
 
 
 
9998 Or67d 1 1 0.3 1 1 0.8 0.8 0.9 
9998 Or67d-r 1 0.7 0.006 1 1 1 0.8 0.6 
23910 Or83c 1 0.4 1 1 0.006 <0.0001 1 1 
23132 Or83c-r 1 0.3 0.4 0.8 1 0.3 1 0.4 
23136 Or85f 1 0.9 1 1 1 1 1 0.02 
23136 Or85f-r 0.1 1 0.002 1 NA 0.0002 NA 1 
23137 Or88a 0.7 0.3 0.2 0.2 1 0.06 1 1 
23138 Or88a-r 0.01 0.0003 0.4 1 NA 0.1 NA NA 
41750 Ir84a 1 0.007 1 1 0.9 0.9 1 1 
41734 Ir84a-r 0.4 0.8 0.3 0.5 NA 0.1 NA 0.1 
CLASS 7 
23907 Or7a 1 1 1 0.9 1 0.6 1 1 
9955 Or23a 1 1 1 1 1 1 1 1 
9974 Or43a 1 0.4 0.5 1 1 1 0.9 0.9 
23141 Or98a 0.7 0.9 1 0.9 1 0.8 1 1 
CLASS 8 
23885 Or10a 1 1 0.8 1 1 0.1 1 1 
24617 Or19a 1 1 0.9 0.9 1 0.8 1 1 
23289 Or22b 1 0.4 1 1 1 0.3 1 1 
9953 Or22c 1 1 0.4 0.3 1 0.9 1 1 
9957 Or24a 1 1 1 1 1 0.9 1 1 
41 
 
 
 
 
Table 1 Summary of the OR and IR screen 
9960 Or30a 1 1 0.5 0.4 1 0.6 1 1 
9969 Or42a 1 0.7 1 1 1 1 1 1 
23894 Or43b 1 1 0.9 1 1 0.1 1 1 
9976 Or45a 0.9 1 1 1 1 0.1 0.8 1 
9993 Or65a 1 1 0.9 1 1 0.5 1 1 
23903 Or65c 1 0.9 0.8 0.9 1 0.2 1 1 
23904 Or67a 1 1 1 1 1 0.9 1 0.7 
9995 Or67b 0.9 0.7 1 1 1 0.7 1 0.7 
23905 Or67c 1 0.7 1 1 1 0.6 0.3 1 
9999 Or69a 1 0.8 1 0.5 1 0.2 1 0.2 
23123 Or74a 1 0.5 1 1 1 0.8 1 1 
23127 Or83a 1 0.8 0.8 0.9 1 0.6 1 1 
23913 Or85c 1 1 1 1 1 0.3 1 1 
23915 Or85d 1 0.3 1 0.9 1 0.1 1 0.5 
41726 Ir31a 1 0.6 1 1 1 0.3 1 1 
41727 Ir40a 1 0.6 1 1 1 0.3 1 1 
41749 Ir41a 1 0.5 0.7 1 1 0.3 1 NA 
41732 Ir64a 1 0.7 1 0.9 1 0.9 1 1 
41748 Ir75a 1 1 0.5 0.9 0.9 1 1 1 
41729 Ir75d 1 1 0.6 0.8 0.7 0.9 1 1 
41733 Ir92a 1 0.8 1 1 1 0.2 1 0.5 
42 
 
 
 
 
P-values generated from a one-way ANOVA for each OrGAL4 line relative to WT for 
every component test is shown, summarizing the results of the screen. P-values (< 0.05) 
are highlighted in black. See text for the definition of the classes. The independent lines 
are bolded. NA not available.  
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Figure 11 OR and IR inhibition screen - HOB 6 QE 
Screen data for HOB at 6 QE for classes 1-4 (a) and classes 5-8 (b) of female Drosophila. 
The first set of points in green is the response of WT flies displaying attraction. Each 
point depicts the Preference Index (%) on the y-axis and the OR/IR with its Bloomington 
Stock Index number in parenthesis are displayed on the x-axis. Data points in red have a 
differential response relative to WT (P<0.05). The individual PI are grey, green or red 
dots and the mean and SEM are black bars.  
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Figure 12 OR and IR inhibition screen - HOB 30 QE 
Screen data for HOB at 30 QE for classes 1-4 (a) and classes 5-8 (b) of female 
Drosophila. The first set of points in green is the response of WT flies displaying 
attraction. Each point depicts the Preference Index (%) on the y-axis and the OR/IR with 
its Bloomington Stock Index number in parenthesis are displayed on the x-axis. Data 
points in red have a differential response relative to WT (P<0.05). The individual PI are 
grey, green or red dots and the mean and SEM are black bars. 
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Figure 13 OR and IR inhibition screen - HVA 13 QE 
Screen data for HVA at 13 QE for classes 1-4 (a) and classes 5-8 (b) of female 
Drosophila. The first set of points in green is the response of WT flies displaying 
attraction. Each point depicts the Preference Index (%) on the y-axis and the OR/IR with 
its Bloomington Stock Index number in parenthesis are displayed on the x-axis. Data 
points in red have a differential response relative to WT (P<0.05). The individual PI are 
grey, green or red dots and the mean and SEM are black bars. 
W
T-
Co
nt
ro
l
Or
9a
(2
39
18
)
Or
9a
(2
39
19
)
Or
46
a(
99
79
)
Or
46
a(
99
80
)
Or
47
a(
99
82
)
Or
47
a(
99
81
)
Or
59
c(
23
89
9)
Or
59
c(
23
90
0)
Or
65
b(
23
90
1)
Or
65
b(
23
90
2)
Or
1a
(9
94
9)
Or
1a
(9
95
0)
Or
13
a(
99
45
)
13
a(
23
88
6)
Or
33
b(
99
63
)
Or
33
b(
99
64
)
Or
33
c(
23
89
3)
Or
33
c(
99
66
)
Or
49
a(
99
85
)
Or
49
a(
99
85
)
Or
63
a(
99
91
)
Or
63
a(
99
92
)
Or
71
a(
23
12
1)
Or
71
a(
23
12
2)
Or
85
b(
23
91
1)
Or
85
b(
23
91
2)
Or
94
b(
23
91
6)
Or
49
b(
99
86
)
Or
49
b(
24
61
4)
Or
45
b(
99
77
)
Or
45
b(
99
78
)
Or
59
b(
23
89
7)
Or
59
b(
23
89
8)
Or
82
a(
23
12
5)
Or
82
a(
23
12
6)
Or
85
a(
23
13
3)
Or
85
a(
23
13
3)
Or
92
a(
23
14
0)
Or
92
a(
23
13
9)
-50
0
50
100
Pr
ef
er
en
ce
 In
de
x (
%
)
13 QE HVA; Class 1- 4
Class1 Class 2 Class 3 Class 4
W
T-
Co
nt
ro
l
Or
22
a(
99
51
)
Or
22
a(
99
52
)
Or
33
a(
99
61
)
Or
47
b(
99
84
)
Or
33
a(
99
62
)
Or
47
b(
99
83
)
Or
56
a(
99
88
)
Or
56
a(
99
87
)
Or
56
a(
23
89
6)
Or
19
b(
23
88
8)
Or
19
b(
23
88
9)
Or
35
a(
99
67
)
Or
35
a(
99
68
)
Or
42
b(
99
72
)
Or
42
b(
99
71
)
Or
67
d(
99
98
)
Or
67
d(
99
98
)
Or
83
c(
23
91
0)
Or
83
c(
23
13
2)
Or
85
f(2
31
36
)
Or
85
f(2
31
36
)
Or
88
a(
23
13
7)
Or
88
a(
23
13
8)
Ir8
4a
(4
17
50
)
Ir8
4a
(4
17
34
)
Or
7a
(2
39
07
)
Or
23
a(
99
55
)
Or
43
a(
99
74
)
Or
98
a(
23
14
1)
Or
10
a(
23
88
5)
Or
19
a(
24
61
7)
Or
22
b(
23
28
9)
Or
22
c(
99
53
)
Or
24
a(
99
57
)
Or
30
a(
99
60
)
Or
42
a(
99
69
)
Or
43
b(
23
89
4)
Or
45
a(
99
76
)
Or
65
a(
99
93
)
Or
65
c(
23
90
3)
Or
67
a(
23
90
4)
Or
67
b(
99
95
)
Or
67
c(
23
90
5)
Or
69
a(
99
99
)
Or
74
a(
23
12
3)
Or
83
a(
23
12
7)
Or
85
c(
23
91
3)
Or
85
d(
23
91
5)
Ir3
1a
(4
17
26
)
Ir4
0a
(4
17
27
)
Ir4
1a
(4
17
49
)
Ir6
4a
(4
17
32
)
Ir7
5a
(4
17
48
)
Ir7
5d
(4
17
29
)
Ir9
2a
(4
17
33
)
-50
0
50
100
Pr
efe
re
nc
e I
nd
ex
 (%
)
13 QE HVA; CLASS 5-8
Class 5 Class 6 Class 7 Class 8
a) 
b) 
46 
 
 
 
 
 
 
Figure 14 OR and IR inhibition screen - HVA 30 QE 
Screen data for HVA at 30 QE for classes 1-4 (a) and classes 5-8 (b) of female 
Drosophila. The first set of points in green is the response of WT flies displaying 
attraction. Each point depicts the Preference Index (%) on the y-axis and the OR/IR with 
its Bloomington Stock Index number in parenthesis are displayed on the x-axis. Data 
points in red have a differential response relative to WT (P<0.05). The individual PI are 
grey, green or red dots and the mean and SEM are black bars.
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Figure 15 OR and IR inhibition screen - 10-HDA 
Screen data for 10-HDA at 30 QE for classes 1-4 (a) and classes 5-8 (b) of male 
Drosophila. The first set of points in green is the response of WT flies displaying 
attraction. Each point depicts the Preference Index (%) on the y-axis and the OR/IR with 
its Bloomington Stock Index number in parenthesis are displayed on the x-axis. Data 
points in red have a differential response relative to WT (P<0.05). The individual PI are 
grey, green or red dots and the mean and SEM are black bars. 
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Figure 16 OR and IR inhibition screen - 9-HDA 
Screen data for 9-HDA at 20 QE for classes 1-4 (a) and classes 5-8 (b) of male 
Drosophila. The first set of points in green is the response of WT flies displaying 
attraction. Each point depicts the Preference Index (%) on the y-axis and the OR/IR with 
its Bloomington Stock Index number in parenthesis are displayed on the x-axis. Data 
points in red have a differential response relative to WT (P<0.05). The individual PI are 
grey, green or red dots and the mean and SEM are black bars. 
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Figure 17 OR and IR inhibition screen - 9-ODA males 
Screen data for 9-ODA at 20 QE for classes 1-4 (a) and classes 5-8 (b) of male 
Drosophila. The first set of points in green is the response of WT flies displaying 
attraction. Each point depicts the Preference Index (%) on the y-axis and the OR/IR with 
its Bloomington Stock Index number in parenthesis are displayed on the x-axis. Data 
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points in red have a differential response relative to WT (P<0.05). The individual PI are 
grey, green or red dots and the mean and SEM are black bars. 
 
 
Figure 18 OR and IR inhibition screen - 9-ODA females 
Screen data for 9-ODA at 20 QE for classes 1-4 (a) and classes 5-8 (b) of female 
Drosophila. The first set of points in green is the response of WT flies displaying 
attraction. Each point depicts the Preference Index (%) on the y-axis and the OR/IR with 
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its Bloomington Stock Index number in parenthesis are displayed on the x-axis. Data 
points in red have a differential response relative to WT (P<0.05). The individual PI are 
grey, green or red dots and the mean and SEM are black bars. 
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 Figure 19 OR result of active and inactive TeTx 
 Results of Active and Inactive TeTx with nine selected ORs to validate the screen response. 
These behavior tests were conducted with female Drosophila, with the exception of 10-HDA, in 
which males were tested. The individual PI are grey dots and the mean and SEM are black bars. 
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RECEPTOR  6 QE HOB 30 QE HOB 13 QE HVA 30 QE HVA 9-ODA 10-HDA 
Or1a 0.5 0.6 1 1 1 1 
Or9a 1 1 1 1 0.7 1 
Or33b 1 0.6 1 1 1 1 
Or45b 1 1 1 1 0.3 1 
Or46a 1 1 1 1 1 0.9 
Or47a 1 1 1 0.6 1 1 
Or49b 0.03 1 1 1 1 0.2 
Or63a 1 1 1 0.6 1 1 
Or85b 1 1 1 0.8 0.8 1 
Table 2 Table summarizing the rescreen data with active and inactive TeTx. 
P-values are generated from one-way ANOVA comparing active and inactive TeTx Grey 
fill indicates a significant restoration of response with flies expressing inactive TeTx. 
3.3 Role of ORs in the Drosophila anti-ovarian 
response 
The final objective of this study was to determine if the constituent components of sQMP 
interacted for the suppression of oogenesis. It is known, from previous studies that the 
DA, (9-HDA and 9-ODA) play a key role in anti-ovarian response, but a role for the 
phenolic compounds (HOB and HVA) enhancing the anti-ovarian response is possible 
(Galang et al., 2019). Ovaries were dissected from females expressing TeTx in twenty-
four different ORs that had been exposed to no sQMP, sQMP or the two DA, 9-HDA and 
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9-ODA (DA) (Table 5). Twenty ORs showed a response similar to WT (Fig. 20: a) for 
example Or1a (Fig. 20: b). Four out of the twenty-four ORs showed differential 
responses to either sQMP, which contains the phenols HOB and HVA or the DA. The 
DA blend strongly reduced egg number in females expressing TeTx in Or47b and Or94b 
(Fig. 20: c, d); whereas, the presence of the phenols enhanced the effect of DA on 
reducing egg number in females expressing TeTx in Or85b and Or88a (Fig. 20: e, f). 
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Figure 20 Egg numbers from Drosophila with selected inhibited ORs 
Effect on egg number when flies expressing TeTx in ORs are exposed to sQMP or 
decenoic acids (DA). The grey dots are egg numbers and the black bars indicate mean ± 
SEM. Data with the same letters are not significantly different (P>0.05). 
4 Discussion 
This study investigated the role that the components of honeybee QMP play in the 
chemotaxis as well as ovary suppression in the model organism Drosophila 
melanogaster. QMP has well-characterized effects in honeybees. First, it is one of the 
substances produced by the honeybee queen that suppresses reproduction in workers 
(Pankiw et al. 1996). The components of QMP that contribute to this anti-ovarian 
response have been identified as HOB, HVA, 9-HDA and 9-ODA in the Western 
honeybee (Dong et al., 2017) and HOB, 9- HDA and 9-ODA in the subspecies Asian 
honeybee (Princen et al., 2019). Second, QMP and four additional components induce 
honeybee retinue behavior, which is attraction to and grooming, licking of the queen bee 
(Keeling et al., 2003) also, drones are attracted to sources of QMP (Gary & Marston 
1971). In addition, both the Asian and Western honeybees have strong antennal responses 
in electroantennograms to 9-ODA, 9-HDA, 10-HDA, HOB and HVA (Dong et al.,2017). 
Surprisingly, suppression of oogenesis (Camiletti et al., 2013), male attraction (Croft 
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2017) and sitter/rover fly line’s differential response to QMP much like the nurse/forager 
caste in honeybees (Camiletti et al., 2013, Croft 2017) are all conserved responses to 
QMP in Drosophila. These responses may indicate the possibility of a conserved effect of 
a social signal between Drosophila and honeybees.  
Suppression of Drosophila oogenesis by csQMP has also been studied to require the two 
DA: 9-ODA and 10-HDA (Galang et al., 2019). Honeybee studies of QMP are generally 
performed with a synthetic mixture of four major QMP components and the four 
individual constituent components, but partial mixtures of components have not been 
investigated (Slessor et al. 1990, Pankiw et al. 1996). I have now performed similar 
studies with Drosophila. In the past, most studies were conducted with partial mixtures of 
sQMP or csQMP, and with partial mixtures of the component of csQMP for the anti-
ovarian response (Galang et al., 2019, Croft 2017, Camiletti et al., 2016) however, I have 
broken down the components of sQMP and csQMP to have a detailed understanding of 
effects of QMP in Drosophila. I analyzed chemotactic response to not only sQMP, 
csQMP but their constituent components in both males and females. I found that males 
were attracted to 13 QE of sQMP as described earlier (Croft 2017).  In addition, I found 
that flies have a chemotactic response to four components that comprise csQMP i.e., 
HOB, HVA,10-HDA and 9-ODA, but not 9-HDA, which is a component found in sQMP. 
Responses to HOB and HVA are also sexually dimorphic. 
Sexually dimorphic responses to constituent components of QMP have not been reported 
in honeybees and may be worth investigating to determine whether the sexually 
dimorphic response is conserved between Drosophila and honeybees. 
I also found extensive interactions between components in the flies’ chemotaxis. I 
conducted various assays of two and three components of csQMP and sQMP. Out of all 
thirty-six assays conducted in both males and females, I observed twenty interactions. For 
example, when combined, HOB suppressed attraction to HVA, and 9-ODA suppressed 
attraction to 10-HDA in males. These interactions suggest that the response to QMP is 
complex and not a simple summation of independent responses. Complex interactions 
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between the constituent components of QMP have yet to be tested in honeybees and will 
be extremely interesting to look at so that we can understand the perception of QMP in 
honeybees and their neurobiology. 
The nature of these complex interactions is not known but there are a few hypotheses that 
can be proposed. First, the components may be physically interacting with one another 
and either preventing or enhancing volatility of individual components. Another 
possibility might be that inhibition or enhancement of responses could be due to the 
interactions and inhibition of projection neurons in the olfactory lobe (Van der Goes van 
Naters, 2013). There is evidence that neurons communicate with each other and 
activation of one neuron can inhibit activity of another in its close proximity (Su et al., 
2012). Finally, the interactions could also be occurring in the mushroom bodies where 
olfactory information is perceived. 
Limitations of the screen: 
I screened Drosophila ORs and IRs to identify the ones that detected HOB, HVA, 9-
HDA, 10-HDA and 9-ODA. I identified fourteen ORs that, when inhibited reproducibly 
affected the response to the components of QMP. Out of these fourteen, five were 
required to respond to HOB, four to HVA, five to 10-HDA and one to 9-ODA. It would 
be interesting to determine whether the ORs on these olfactory neurons bind these 
compounds directly. 
Although fourteen candidate receptors were identified by conducting the screen, there are 
a few issues associated with the screen. To reduce the false positives in the screen I 
retested candidates with independent OR/IR GAL4 lines to arrive at the final fourteen 
candidates. Although by retesting, this method screens out false positives, it does not 
avoid false negatives. One clear false negative is Or98a which I used as the proof of 
concept for the screen that did not show as positive in the screen itself. In addition, only 
fifty-four of sixty-two ORs have OrGAL4 lines available to screen, and therefore, these 
unscreened ORs may have a role. Also, Or59a was identified in the RNAi screen but was 
not screened for in this study. These two issues suggest that there may be more than just 
14 ORs involved in chemotactic responses. 
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ORs and IRs were inhibited with TeTx and the final assay of the screen was to test the 
candidates using both the active and mutant (inactive) TeTx (Fig. 19). This assay was not 
successful as no significant differences were observed between flies with inhibited vs. 
uninhibited ORs. The UAS strain of inactive TeTx used in proof of concept for the screen 
28840: w[*]; P{w[+mC]=UAS-TeTxLC.(-)V}A2 was different from the one I used in the 
screen 28841: w[*]; P{w[+mC]=UAS-TeTxLC.(-)V}B3, which might be a reason the 
lack of a differential response. Another possibility for the lack of differences between 
active and inactive TeTx is that the mutant toxin may not be inactive, and a low level of 
TeTx is being expressed when crossed with the GAL4 driver. The genetic background of 
inactive TeTx may also be affecting the response dominantly, and although unlikely, the 
expression of GAL4 from the OrGAL4 driver in the OR may be impacting chemotaxis. 
All these possibilities can be tested by conducting control experiments with uncrossed 
mutant TeTx strain and GAL4 drivers individually. 
The screen identified 14 candidates ORs important for chemotaxis; however, only 5 were 
also identified in the RNAi screen. Eleven ORs important for the anti-ovarian responses 
were not identified, this could be due to a potential high rate of false negatives, the 
possibility that chemotaxis and oogenesis require different sets of ORs and the fact that 
Or59a was not screened for. Also, Or88a, which is required for anti-ovarian response in 
the presence of DA, was not detected in this screen or the RNAi screen (Camiletti et al., 
2016). 
Oogenesis suppression: 
Analysis of the components that suppress oogenesis in the Western honeybee shows that 
both the phenols and DA suppress oogenesis; however, in Drosophila only the DA 
suppress oogenesis, although the phenols may have a role in enhancing the anti-ovarian 
response (Galang et al., 2019). I tested twenty-four ORs to see if a difference in response 
to sQMP and DA was detected. I found four differential responses. Inhibition of Or88a 
and Or85b showed that although the DA are sufficient for the anti-ovarian response; the 
presence of the phenolic components suppressed the anti-ovarian response. This suggests, 
as was found with the chemotactic responses, that the constituent components of QMP 
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interact for the anti-ovarian response. The differential response of Or47b, which is 
required for the attraction to the DA: 10-HDA, and Or94b suggests that both receptors 
are not only required for the anti-ovarian response to DA, but that the presence of phenols 
enhances the anti-ovarian response. This suggests that the phenols may play a role in the 
anti-ovarian response in Drosophila much like in honeybees (Pankiw et al., 1996; Princen 
et al., 2019). 
Significance and future work:  
So far, only one OR for 9-ODA has been identified in honeybees AmOr11 (Wanner et al., 
2007). My work in Drosophila provides a foundation for future studies in honeybees and 
also helps understand a conserved response across the two taxa. It may be possible to use 
the OR in Drosophila identified to infer the receptor in honeybee that detect QMP. In 
addition, the identification of ORs required for detecting constituent components of QMP 
will allow further studies on Drosophila olfaction, like determining the mechanism of the 
interaction between the constituent components of QMP. The sexually dimorphic 
responses we observe in Drosophila might be observed and investigated in honeybees as 
well improve the knowledge we have of honeybee perception of pheromones.  
In addition, I have already observed a role of phenols in enhancing the response of DA to 
reduce egg numbers, which could lead to further studies to understand the interactions of 
compounds of conserved pheromones such as QMP in the anti-ovarian response, such as 
reduced ovary area and reduced egg numbers. 
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Appendix 
 
Compounds F(DFn,DFd), P value 
HOB+HVA F5,48= 0.3, P= 0.9 
10-HDA+9-ODA F5,48= 2.2, P= 0.06 
9-ODA + HVA F5,30= 0.6, P= 0.8 
HOB+9-ODA F5,30= 2.5, P= 0.05 
HOB+10-HDA F5,30= 1.7, P= 0.2 
HVA+10-HDA F5,48= 0.3, P= 0.9 
HOB+9-HDA F5,30= 0.8, P= 0.6 
HVA+9-HDA F5,30= 0.6, P= 0.7 
9-ODA+9-HDA F5,30= 0.7, P= 0.6 
HVA+HOB+10-HDA F5,48= 0.9, P= 0.5 
HOB+HVA+9-ODA F5,30= 0.9, P= 0.5 
HVA+9-ODA+10-HDA F5,30= 0.6, P= 0.7 
HOB+9-ODA+10-HDA F5,30= 0.6, P= 0.6 
HOB+HVA+9-HDA F5,30= 0.9, P= 0.5 
HOB+9-HDA+9-ODA F5,30= 0.7, P= 0.7 
HVA+9-HDA+9-ODA F5,30= 1.3, P= 0.3 
 
Table 3 csQMP and sQMP component interaction in Drosophila males 
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Table 4 csQMP and sQMP component interaction in Drosophila females 
 
 
Compounds F(DFn,DFd), P value 
HOB+HVA F5,48= 3.9, P=0.005 
10-HDA+9-ODA F5,48= 1.3, P=0.3 
9-ODA + HVA F5,30= 1.3, P=0.3 
HOB+9-ODA F5,30= 0.1, P= 0.9 
HOB+10-HDA F5,30= 2.0, P= 0.1 
HVA+10-HDA F5,48= 1.2, P= 0.3 
HOB+9-HDA F5,30= 1.1, P= 0.3 
HVA+9-HDA F5,30= 0.4, P= 0.8 
9-ODA+9-HDA F5,30= 3.2, P= 0.02 
HVA+HOB+10-HDA F5,48= 2.7, P= 0.03 
HOB+HVA+9-ODA F5,30= 0.8, P= 0.6 
HVA+9-ODA+10-HDA F5,30= 10.0, P<0.0001 
HOB+9-ODA+10-HDA F5,30= 1.2, P= 0.3 
HOB+HVA+9-HDA F5,30= 0.6, P= 0.7 
HOB+9-HDA+9-ODA F5,30= 1.1, P= 0.4 
HVA+9-HDA+9-ODA F5,30= 1.5, P= 0.2 
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Tukey's multiple comparisons test P-Value 
WT  
Control vs. sQMP <0.0001 
<0.0001 Control vs. DA 
sQMP vs. DA 0.2 
  
Or1a  
Control vs. sQMP <0.0001 
<0.0001 Control vs. DA 
sQMP vs. DA 1 
  
Or9a  
Control vs. sQMP <0.0001 
0.0003 Control vs. DA 
sQMP vs. DA 0.9 
  
Or13a  
Control vs. sQMP <0.0001 
Control vs. DA <0.0001 
sQMP vs. DA 0.3 
  
Or19b  
Control vs. sQMP <0.0001 
Control vs. DA 0.0007 
sQMP vs. DA 0.3 
  
Or33b  
Control vs. sQMP <0.0001 
Control vs. DA <0.0001 
sQMP vs. DA 0.8 
  
Or33c  
Control vs. sQMP 0.04 
Control vs. DA 0.006 
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sQMP vs. DA 0.4 
  
Or45b  
Control vs. sQMP <0.0001 
Control vs. DA <0.0001 
sQMP vs. DA 1 
  
Or47a  
Control vs. sQMP <0.0001 
Control vs. DA <0.0001 
sQMP vs. DA 0.9 
  
Or47b  
Control vs. sQMP 0.01 
Control vs. DA <0.0001 
sQMP vs. DA 0.05 
  
Or49a  
Control vs. sQMP <0.0001 
Control vs. DA 0.0002 
sQMP vs. DA 0.06 
  
Or49b  
Control vs. sQMP <0.0001 
Control vs. DA <0.0001 
sQMP vs. DA 1 
  
Or56a  
Control vs. sQMP 0.002 
Control vs. DA 0.002 
sQMP vs. DA 0.5 
  
Or59c  
Control vs. sQMP 0.0007 
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Control vs. DA 0.0006 
sQMP vs. DA 1 
  
Or63a  
Control vs. sQMP <0.0001 
Control vs. DA 0.001 
sQMP vs. DA 0.3 
  
Or65b  
Control vs. sQMP <0.0001 
Control vs. DA <0.0001 
sQMP vs. DA 0.07 
  
Or67a  
Control vs. sQMP 0.003 
Control vs. DA 0.01 
sQMP vs. DA 0.8 
  
Or71a  
Control vs. sQMP 0.0009 
Control vs. DA 0.0009 
sQMP vs. DA 1 
  
Or82a  
Control vs. sQMP 0.0009 
Control vs. DA 0.0002 
sQMP vs. DA 0.5 
  
Or83c  
Control vs. sQMP <0.0001 
Control vs. DA <0.0001 
sQMP vs. DA 0.4 
Or85b  
Control vs. sQMP <0.0001 
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Control vs. DA <0.0001 
sQMP vs. DA 0.0044 
  
Or86a  
Control vs. sQMP <0.0001 
Control vs. DA <0.0001 
sQMP vs. DA 0.4 
  
Or88a  
Control vs. sQMP <0.0001 
Control vs. DA 0.2 
sQMP vs. DA 0.001 
  
Or94b  
Control vs. sQMP 0.4 
Control vs. DA 0.002 
sQMP vs. DA 0.03 
 
Table 5 Summary of anti-ovarian response in Drosophila 
Black highlight depicts the Tukey’s multiple comparison test to treatments resulting in 
low P-value (P< 0.05). ORs highlighted in grey show reduced egg numbers in the 
presence of phenols (Or47b and Or94b) or DA (Or85b and Or88a). 
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